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The statutory-type double patenting rejection of Claims 1-4, 6-10, 12-13, 16 and 22 
over the specified claims of co-pending Serial No. 08/321,552 is maintained. This rejection is 
provisional because the conflicting claims in the co-pending case have not been patented. 
Applicant requests that this rejection be held in abeyance until such time as patentable subject 
matter is found in either case. 

The obviousness-type double patenting rejection of Claims 5, 1 1, 14-15 and 17-21 over 
the specified co-pending claims of Serial No. 08/321,552 is also maintained. This is a 
provisional rejection since the conflicting claims have not, in fact, been patented. Applicant 
also requests that this rejection be held in abeyance until such time as patentable subject matter 
is found in either case. 

Claims 1-21 are rejected under 35 U.S.C. § 103 as being impatentable over Wu et al in 
view of Komguth et al . 

The present invention teaches compositions and methods using delivery vehicles which 
can specifically deliver physiological agents such as contrast agents and therapeutic agents. 
The delivery vehicles generally comprise four elements: (1) a first polymeric molecule having 
a net positive or negative charge; (2) a second polymeric molecule having a net charge 
opposite to the first polymeric molecule; (3) a cell targeting moiety attached to the second 
polymeric molecule; and (4) a physiological agent attached to either the first or second 
polymeric molecule (or a third polymeric molecule similar to the second polymeric molecule). 
The physiological agent can be a therapeutic agent, such as a drug, hormone, enzyme, protein 
or peptide, anti-cancer agent, etc., or a contrast agent, such as magnetic resonance imaging 
contrast agents, radioisotope contrast agents, gamma emitter contrast agents, positron emitter 
contrast agents, beta emitter contrast agents and optical contrast agents, including fluorescent 
contrast agents. The applicants submit that none of the prior art references, taken alone or in 
combination, teaches or suggests the present invention. 

Wu et al teaches the use of complexes with three components: (1) a DNA molecule; 

(2) a polycation; and (3) asialoglycoprotein molecules, which are used to target the complexes 
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to hepatocytes. As acknowledged by the Examiner, Wu et aL does not teach or suggest the 

addition of a physiological agent such as a therapeutic agent or contrast agent. 

Komguth et aL is directed to methods and compositions for imaging tumors which 
have a net positive charge and thus will preferentially bind to tumors which have a net 
negative charge. Komguth et aL teaches the use of polylysine linked to a metal chelator, 
DTPA, (a "linking molecule") which then will bind a metal which can be used either for 
imaging (/.^. , paramagnetic metals such as Gd or Mn) or as a chemotherapeutic agent (/.^. , 
radioisotopes such as gamma or beta emitters). Komguth et aL does not teach or suggest 
the use of a second polymer, nor does Komguth teach or suggest the use of a cell targeting 
moiety. 

The Examiner's position appears to be that since Wu can add asiaglycoprotein to 
polylysine, and Komguth can add MRI contrast agents to polylysine, that there was some 
motivation to combine the two. The applicants respectfully disagree. 

As stated in M.P.E.P. §2142, a prima facie case of obviousness requires three basic 
criteria to be met. First, there must be some suggestion or motivation to combine the reference 
teachings. Second, there must be a reasonable expectation of success. Finally, the references, 
taken alone or in combination, must teach or suggest all the claim limitations. 

None of the references, taken alone or in combination, provide any motivation or 
suggestion to combine the references and practice the claimed invention. Wu et al does not 
suggest using an MRI contrast agent. Komguth et al does not teach or suggest using a 
targeting moiety, since they rely on electrostatic interaction to provide selective binding. 

In fact, Komguth et al teaches away from the claimed combination in several ways. 
First of all, the addition of a nucleic acid which has a high net negative charge to the polylysine 
would substantially decrease or eliminate the net positive charge of the polylysine, thus 
decreasing or eliminating the "targeting" fimction of the polylysine. Furtheraiore, Komguth et 
al does not teach or suggest the use of cell targeting moieties. Komguth et al relies on charge 
differences to effect targeting. In fact, adding the asialoglycoprotein from Wu et al to the 
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Komguth compositions could result in a loss of targeting in Komguth, since the complexes 
would also be taken up by hepatocytes. This is very significant. As outlined in M.P.E.P. 
§2143.01: 

If a proposed modification would render the prior art invention being modified 
imsatisfactory for its intended purpose, then there is no suggestion or motivation 
to make the proposed modification. 

See In re Gordon, 221 USPQ 1 125 (Fed. Cir. 1984). 

Furthermore, this modification would change the principle of operation of Komguth et 

al As stated in M.P.E.P. §2143.01: 

If the proposed modification or combination of the prior art would change the 
principle of operation of the prior art invention being modified, then the 
teachings of the references are not sufficient to render the claims prima facie 
obvious. 

In re Ratti, 123 USPQ 349 (CCPA 1959). 

Finally, the Examiner is respectfully reminded that a reference which leads one of 
ordinary skill in the art away fi"om the claimed invention cannot render the invention obvious. 

See Dow Chemical v. American Cyanamid Co,, 2 USPQ2d 1350 (Fed. Cir. 1987). 

In conclusion, neither reference, taken alone or in combination, provides the 
required motivation to combine the references. As acknowledged by the Examiner in the 
office action dated October 24, 1996, page 4, Wu et al does not disclose the inclusion of 
an MRI agent. As argued above, Komguth et al does not provide the required motivation 
to combine the references, as (a) the combination would render the Komguth system 
unsatisfactory for its intended purpose, (b) the combination would alter the mechanism by 
which the Komguth et al. system fiinctions, and (c) it actually teaches away from the 
combination in that a loss of targeting could occur. 

Finally, the applicants respectfully remmd the Examiner that the Supreme Court of 
the United States has stated that "such secondary considerations as commercial success, 
long felt but unsolved needs, failure of others, etc., might be utilized to give light to the 
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circumstances surrounding the origins of the subject matter sought to be patented." Graham 
V. John Deere Co., 148 USPQ 459 (1966). 

The Federal Circuit has emphatically and repeatedly held that objective evidence of 
nonobviousness must be taken into account always and not just when the decision maker is 
in doubt: "objective evidence such as commercial success, failure of others, long-felt need, 
and unexpected results must be considered before a conclusion on obviousness is reached" 
(Hybridtech Inc. v. Monoclonal Antibodies, Inc., 231 USPQ 81 (Fed. Cir. 1986). See also 
Bausch & Lomb, Inc. v. Barnes Hindes, Inc., 230 USPQ 416 (Fed. Cir. 1986); Jones v. 
Hardy, 220 USPQ 1021 (Fed. Cir. 1984)). 

In this case, the complexes of the invention show a surprising and unexpected 
benefit over the complexes of the prior art. As shown in the paper resulting from this 
work, Kayyem et aL, Current Biol 2:615-620 (1995), a copy of which is enclosed as 
Exhibit A, the complexes comprising the four components (polycation, poly anion (DNA), 
transferrin targeting moieties and MRI contrast agent) showed a two-fold increase in the 
level of gene expression as compared to the three component system (polycation, 
polyanion, and transferrin); see Figure 3. The three component system is similar to the 
composition of Wu et al.\ thus, the present invention shows a surprising and unexpected 
result: "It was surprising that the level of gene expression was increased approximately 
two-fold over that obtained using particles lacking Gd-DTPA-PDL" (see page 617, column 
1, last paragraph). 

Accordingly, the compositions of the present invention provide unexpected results 
over what could have been reasonably predicted by the prior art. See In re O'Farrell, 7 
USPQ2d 1673 (Fed. Cir. 1988). 

An additional factor to be evaluated in a "secondary considerations" analysis is the 
taking of licenses under the patent or technology. See In re Sernaker, 217 USPQ 1 
(Fed. Cir. 1983). As shown in the accompanying declaration of Dr. Gary Blackburn, Vice 
President of Research, submitted pursuant to 37 C.F.R. §1.132, Clinical Micro Sensors has 
taken an exclusive, world-wide license to this technology. 
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Finally, the applicants point out that others in this field recognize that Dr. Meade's 

approach is a valuable contribution to the area of imaging and transfection. A paper 

published in 1997, nearly 3 years after the invention, is also directed to simultaneous 

contrast enhancement and transfection, and recognizes the work of Dr. Meade: 

Visualization of polynucleotide localization within lymph nodes by 
gadolinium contrast enhancement would be a rapid, noninvasive means of 
monitoring treatment, were the same agent also capable of simultaneously 
serving as the gene transfection agent. A report by Meade et al on the 
cotransport of DNA and DTPA-Gd using polylysine in cell culture 
experimentation supports the feasibility of this approach. 

See page 3992, second colunm, first fiill sentence, of Wisner et al, /. Med. Chem 

40:3992-3996 (1997), a copy of which is enclosed as Exhibit B. Thus, others of skill in 

the art are working towards this same goal, and recognize Dr. Meade's contributions in this 

area. 

Accordingly, the applicants submit that these secondary considerations indicate that 
the complexes of the invention are not obvious. 

Based on the foregoing, it is submitted that the claims as pending in the case are 
patentable over the prior art of record. 



Respectfully submitted, 



FLEHR HOHBACH TEST 
ALBRITTON HERBERT LLP 




Richard F. Trecartin, Reg. No. 31,801 



Four Embarcadero Center, Suite 3400 
San Francisco, California 941 1 1-4187 
Telephone: (415)781-1989 



Dated: 



March 11, 1999 
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Receptor-targeted co-transport of DNA and magnetic 

resonance contrast agents 

Jon Faiz Kayyem""^, Roshan M Kumar^ Scott E Fraser and Thomas J Meade' 

Division of Biology and the Beckman Institute, 1 39-74, California Institute of Technology, F^sadena, CA 91125, USA 



Background: Ligand molecules conjugated to polylysine 
can be electrostarically bound to DNA and can bind 
receptors or antigens on the surface of cells, delivering the 
DNA into specific cells and tissues. Several researchers 
have used this approach to generate non-viral vehicles for 
the efficient delivery of DNA to specific cells. We have 
attempted to adopt this general approach to the cell- 
specific delivery of magnetic contrast agents for use in 
magnedc resonance imaging (MRI). 
Results: We have synthesized a new class of agents capable 
of both transfecring genes into cells and enhancing the 
contrast of the targeted cells for MRI. DNA b used both 
to encode a marker gene and as a molecular scaffold, which 
electrostatically binds polylysine conjugated to transferrin. 



an iron uptake protein, and polylysine modified with 
gadolinium chelated to diethylenetriaminepetaaceric acid. 
When cells displaying the transferrin receptor are treated 
with these particles, high levek of gene expression are 
observed, higher than with control particles composed 
only of transferrin, polylysine and DNA, The treated cells 
show specific MRI contrast enhancement, which did not 
require expression of the marker gene. 
Conclusions: The development of this class of particles 
permits the use of novel protocols by which genes for 
genetic therapy and agents for MRI contrast are co- 
transponed. These protocols may allow non-invasive 
MRI monitoring of DNA delivery for gene therapy in 
real time. 



Chemistry & Biology September 1995, 2:615-620 
Key words: contrast agent, gene delivery, MRI, polylysine, transferrin 



Introduction 

Magnetic resonance imaging (MRI) has become a pow- 
erful tool in clinical and research settings because it is 
non-invasive and yields an accurate volume rendering of 
a specimen. Using magnetic field gradients and selective 
radio frequency (RF) pulses, a one-, two- or three- 
dimensional image of the specimen is obtained. Typically, 
the image is based upon the NMR signal from the 
protons of water where the signal intensity in a given 
volume element (voxel) is a function of the water con- 
centration and the relaxation times of the spins within 
the voxel (Tj and T2). Local variations in these three 
parameters provide the vivid contrast observed in MRI 
images [IJ.The relaxation times can be strongly affected 
by MRI contrast agents, permitting specific fluid com- 
partments or cells to be selectively foUowed. Unlike 
light-microscope imaging techniques that are based on 
the use of organic dyes or fluorochromes, neither MRI 
nor MRI contrast agents produce toxic by-products 
from photo-bleaching. Furthermore, MRI is not limited 
by hght scattering or other optical aberrations, permit- 
ting high field strength instruments (>7 Tesla) to gener- 
ate high resolution (10-15 |JLm) images of developing 
insects, fish, amphibia and mammals [2]. 

A major limitation on the use of MRI in basic research 
settings has been the invasive manipulations and/or 
microinjections required to label cells or tissues. In chnical 
settings, limitations resulting firom similar constraints 
together with the potential for using MRI contrast agents 
to target specific tissues or tumors in vivo, have stimulated 



the syntheses of new paramagnetic agents covalendy 
attached to biological macromolecuJes [3], To significandy 
enhance the observed contrast, however antibodies or 
other targeting molecules must bind verv* large numbers 
of paramagnetic complexes [4] . Such high ratios of con- 
trast agent to biomolecule cripple the targeting molecule 
due to ionic and steric eflfects. Therefore, much of the 
current research in this field has focused on the use of 
liposomes as carriers of high concentrations of contrast 
agents [5], iron oxide particles as high signal strength T2 
contrast agents [6], and more recently, highly modified 
starburst dendrimers of paramagnetic agents [7). 

Here we report a different strategy, based on methods 
currently under development for the delivery of nucleic 
acids to specific cells, to deliver both exogenous genes 
and large numbers of MRI contrast agents to cells. 
Polypeptides composed exclusively of lysine residues 
bind electrostatically to DNA and cause it to condense 
by neutralizing the negative charge. Ligand molecules 
conjugated to polylysine can thus be bound to DNA. 
Binding of the ligand molecule within the DNA-ligand 
complex to receptors or antigens on the cell surface 
delivers the complex with high efl5cienc\' into specific 
cells and tissues [8-15). In our modification of this 
scheme, paramagnetic contrast agents are covalently 
attached to polylysine for incorporation into a 
DNA-polycarion complex (Fig. 1). For our first test case, 
we used ternary particles containing the following com- 
ponents: i) DNA encoding the firefly luciferase reporter 
gene, ii) poly-L-lysine attached to human transferrin, a 
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Fig. 1, Summary of the formation of ternary complexes for receptor-mediated uptake of DNA and MRl contrast agents. DNA is partially 
condensed by the addition of sub-optimal quantities of transferrin-polylysine (Tf-PL). Full condensation to electro-neutrality follows 
the addition of Gd-DTPA-PDL, producing particles with high transfection efficiency and MRl contrast enhancement. 



protein involved in iron uptake, and iii) poly-D-lysine 
(PDL) attached to varying numbers of the paramagnetic 
contrast agent, gadolinium diethylenetriaminepetaacetic 
acid (Gd-DTPA). Uptake of one of these particles by 
cells expressing the transferrin receptor results in delivery 
of -^1500 Gd ions per cell, achieving the high ratio of 
contrast agent per biomolecule required for /// uivo label- 
ing. After incubation of human T-cell leukemia derived 
K562 cells with the ternary complexes, detectable MRl 
contrast enhancement is observed at nearly single-cell 
resolution. Moreover, the level of gene expression 
observed in these cells is higher than the levels observed 
using control particles that do not contain the MRl 
contrast agent. 

Results and discussion 

Synthesis and characterization of Gd-DTPA 

conjugates of PDL 

We prepared a series of DTPA-modified PDL deriva- 
tives v^^ith varying numbers of labeled sices. Simply 
dissolving PDL in aqueous solutions at high pH, fol- 
lowed by addition of DTPA anhydride, invariably leads 
to a large distribution of products. At concentrations 
above 100 |xM PDL, the major product isolated firom 
this reaction is a crosslinked material of high molecular 
. weight, as revealed by fast protein liquid chromato- 
graphy (FPLC). By maintaining the PDL concentration 
below 100 fjiM and controlling the rate of anhydride 
addition, we have modified the PDL used in these 
experiments with as few as 7 and as many as 60 DTPA 
chelates with no evidence of crosslinking. 

Fluorescence titration experiments were performed to 
assess the degree of substitution on the 180 residue PDL 
backbone resulting from various molar input ratios of 
DTPA and PDL. Europium chelates of DTPA form 
readily at room temperature and show characteristic and 
distinct fluorescence with large Stoke's shifts and long 
fluorescent lifetimes. Titration of the DTPA— PDL conju- 
gates with EUCI3 produced increasing fluorescence 
intensities followed by inflections in the curves corre- 
sponding to complete saturation of the DTPA sites [16]. 



The ratios of DTPA to PDL determined by fluorescence 
titration of the various conjugates is shown in Table 1 
along with the calculated number of unmodiSed (and 
thus positively charged) lysines per DTPA site. 

Previous studies oh the interaction between DNA and 
polylysine have suggested that polymers containing seven 
or more lysine monomers readily form neutral particles 
with DNA, whereas shorter polymers do not [17], 
Therefore, we anticipated that PDL modified with 10 and 
22 Gd chelates per PDL chain (16 lysines and 6.7 lysines 
per Gd chelate, respectively) would interact readily with 
DNA, whereas PDL modified with 42 and 51 Gd 
chelates, which have shorter stretches of unmodified 
lysine residues, would not. 

To rapidly test this hypothesis, the effect of PDL conjugates 
on the secondary structure of DNA in solution in- 
dire cdy monitored using a UV hyperchromicity assay. 
Polycations such as polylysine that interact electrostatically 
v^th DNA alter the absorbance and optical rotation char- 
acteristics of the nucleic acid [18]. Titration of DNA v^th 
unmodified PDL produces a curve v^th peak UV 
absorbance corresponding to a 1:1 ratio of lysine 
monomers to nucleotide residues (Fig. 2). A nearly identical 
curve is produced when transferrin-polylysine is added to 
the DNA. The PDL conjugates vAth ratios of Gd-DTPA 
per PDL molecule of 10 and 22 show similar effects, sug- 
gesting that these modified PDL molecules interact with 
DNA (Fig. 2). In contrast, PDL conjugates having larger 
numbers of DTPA chelates (42 and 51) produce no 



Table 1 . Effect of reagent ratios on modification of poly-D-lysine 
with DTPA. 
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Fig. 2. PDL modified with 10 or 22 Cd chelates per PDL mole- 
cule bind to DNA. A UV hyperchromicity assay was used to 
assess binding of polylysine to DNA. Increasing quantities of 
PDL or modified polylysine were added to 6 jig plasmid DNA 
in 1.0 ml HBS while monitoring absorbance at 260 nm. The 
addition of unmodified PDL (O) or transferrirv-poly lysine (•) to 
DNA produces characteristic and nearly identical changes in 
UV absorbance. Peak absorbance occurs at approximately a 
1:1 molar ratio of lysine monomers to nucleotides, corre- 
sponding to electro-neutrality and optimal transfection effi- 
ciency. Titration of DNA with PDL modified with lOCd 
chelates per PDL molecule (Cd-DTPA(,QpPDL; V) or 22 Cd 
chelates (Gd-DTPA^22r''^*-' results in distinct but grossly 
similar curves. In contrast, Gd-DTPA^^jj-PDL (□) and 
Cd-DTPA(5,pPDL (■) have minimal effects on DNA 
absorbance, consistent with a reduced ability of these heavily 
labeled PDL molecules to interact with DNA, 

observable increase in the UV absorbance, suggesting only 
minimal interaction with the DNA (Fig. 2). Based on these 
results, the conjugate containing a ratio of 22 Gd-DTPA 
sites per PDL molecule (Gd-DTPA^-,2)~P^L) was used in 
subsequent experiments. 

Luciferase gene delivery by particles containing DNA, 
Tf-PL and Gd-DTPA-PDL 

Particles were formed by adding varying amounts of 
transferrin conjugated to poly-L-lysine (Tf-PL) to 
plasmid DNA encoding the firefly luciferase gene, 
followed by the addition of a sufficient amount of 
Gd-DTPA^22)"^^^ neutralize the remaining negative 
charge of the DNA. Tf-PL (3 |xg, equivalent to 0.4 ^ig of 
unmodified polylysine) was added to 6 \Lg of DNA to 
neutralize approximately one tenth of the DNA charge. 
The remainder of the DNA charge was neutralized by 
the addition of either 4 |xg of unconjugated PDL or an 
equivalent amount of Gd-DTPA(22)~^^^* 

High luciferase expression resulted from incubation of 
the particles containing Gd-DTPA with human ery- 
throleukemic K562 cells in the presence of the lysoso- 
matropic agent, chloroquine (Fig. 3A), It was surprising 
that the level of gene expression was increased approxi- 
mately two-fold over that obtained using particles 
lacking Gd-DTPA-PDL (Fig. 3B).This enhancement of 
gene expression may be due to neutralization of a 



portion of the charges on the polylysine backbone by 
the Gd-DTPA chelates. In the absence of chloroquine, 
gene expression was not observed (Fig. 3D). 

Our data indicate that gene delivery takes place through 
the transferrin receptor via receptor-mediated endo- 
cytosis. Neither unmodified polylysine [8] nor 
Gd-DTPA-PDL (data not shown) on their own facili- 
tate the transfer of DNA into K562 cells. Furthermore, 
gene expression is blocked by adding iron-loaded trans- 
ferrin to the medium during transfection (Fig. 3C) but 
not by adding apotransferrin, which does not bind to the 
receptor at neutral pH [19]. 

Complexes containing DNA, Tf-PL and Gd-DTPA-PDL 
enhance the MRI contrast of cells 

Having demonstrated that DNA complexes containing 
Tf-PL and Gd-DTPA-PDL are eflfective gene-dehvery 
vehicles, we then examined the ability of these particles 
to enhance MRI contrast of transfected K562 cells in 
vitro. Cells treated with these particles were washed 
extensively in hepes-buffered saline (HBS) and gendy 
loaded into sealed glass capillary tubes, andTj-weighted 
images (T^^/Tp = 200 ms/13 ms) were acquired (Fig. 4). 
Mkl con eras: cnhancenienc i<. clearly oDNerved in cells 
exposed to the Gd- con raining particles (Fig. 4a). In con- 
trast, cells exposeci to particles lacking Gd-DTPA— PDL 
siiow no sucli enhancement (Fig. 4b). En hsn cement of 



Fig. 3. Transfection of cells is specific and is enhanced using par- 
ticles containing Gd-modified PDL. Ternary complexes were 
formed with 6 jxg DNA; 3 jig Tf-PL and 4 jtg (unmodified lysine 
equivalents) of either Gd-DTPAp2)-PDL (column A) or PDL 
(column B). Each bar represents tne average of values obtained 
in five independent transfection experiments using K562 
cells and normalized to 10^ cells per experiment. Using 
Gd-DTPA(22rPDL-containing particles, gene expression was 
measured in the presence of 20 p,g of iron-loaded transferrin to 
show the effect of competitive uptake (column C) and in the 
absence of chloroquine to assess the mechanism of cytoplasmic 
delivery (column D). In these experiments, 1 ng of luciferase 
produces -10^ light units. 
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Fig. 4, The ternary complex containing Gd-OTPA-PDL delivers 
the MRI contrast agent to K562 cells via the transferrin receptor. A 
two-dimensional horizontal MRI slice is shown through three 
capillary tubes (2 mm inner diameter) loaded with labeled or 
control K562 cells, (a) Cells exposed to the temar/ complex con- 
taining 6 M-g DNA, 3 |igTf-PL and 4 jtg Cd-OTPA^jj-PDL. Bright 
spots represent aggregates of contrast-agent-containing cells. 
Mean intensity: 232 ± 25. (b) Cells treated with control com- 
plexes conuining 4 p,g unmodified PDL in lieu of the gadolinium- 
modified PDL. Mean intensity: 121 ±30. (c) Cells treated as in (a) 
with the addition of 20 jjig iron-loaded transferrin to competitively 
block uptake of the ternary complex. Mean intensity: 126 ± 30. A 
1 0 M-g m|-i standard solution of Cd-DTPA in water produces a 
mean intensity of 142 ± 32, although it should be noted that MRI 
is extremely sensitive to specific experimental conditions, includ- 
ing solvent composition and viscosity. 

the MRI contrast of cells is competitively inhibited by 
the addition of iron-loaded transferrin, indicating that 
the observed effect is receptor-specific (Fig. 4c). The 
vqiagnetic resonance imaging results obtained in these 
experiments were the same in the presence or absence of 
chloroquine, suggesting that escape from the lysosome is 
not necessary for MRI enhancement. 

In summary, we have shown that modified polycations 
can be used to deliver DNA and other molecules to 
cells at high efficiency. Previous work has shown that 
—20 transferrin molecules per complex are necessary to 
impart receptor-specific uptake of DNA [8]. This 
number of target molecules can be achieved with as 
little as 10-15% of the polylysine necessary to con- 
dense a 6 kb plasmid.The remaining 90 % of the DNA 
negative charge can be neutralized by the addition of 
approximately 4 |jLg of unmodified polylysine, or an 
equivalent amount of modified polylysine. Previous 
work has demonstrated the utility of modifying this 
neutralizing polylysine with agents that disrupt endo- 
somes, thus enhancing the escape of the DNA from 
lysosomal degradation [13-15]. The coupHng of aden- 
ovirus and influenza virus fusogenic peptides has been 
especially fruitful in this regard, resulting in high levels 
of gene expression. In our experiments, the addition of 
chloroquine during transfection served the purpose of 
preventing acidification of the endosome and reducing 
the destruction of the DNA following endocytosis. 
Thus, most of the polylysine used to neutralize the 
DNA could be substituted with chelated Gd^"^. 
Inclusion in the complex of another polylysine compo- 
nent that is conjugated to a fusogenic peptide may give 
high levels of gene expression even in the absence 
of chloroquine. 



Using the Gd-DTPA-PDL which we have synthesized 
ions are chelated to each PDL molecule, corre- 
sponding to "-1200 Gd^"*" ions per plasmid molecule in 
the ternary complex. This greatly exceeds the number of 
contrast agents that can be attached directly to a mono- 
clonal antibody. Moreover, the fast rate of transferrin 
receptor turnover (2 x 10"* transferrin molecules internal- 
ized per minute) results in the uptake of extremely large 
numbers of contrast agent molecules in this system [20]. 
This uptake is enhanced in vitro when the particles are at 
relatively high concentrations and, prior to transfection, 
cells are starved for iron, inducing an increase in the 
number of transferrin receptors on the cell surface [8]. 



Significance 

The delivery of genes to specific cells and tissues 
for therapeutic and research purposes is of increas- 
ing importance. A new method to track the deliv- 
ery of vectors for gene transfection and genetic 
therapy is imagined based on the work described 
in this report. This method combines a magnetic 
resonance imaging (MRI) contrast agent and a 
receptor-targeted gene delivery vehicle. 

MRI is an ideal tool for non-invasive monitoring 
of human and experimental subjects. We have syn- 
thesized a new class of MRI contrast agents 
capable of transfecting genes into cells and 
enhancing the MRI contrast of these targeted cells 
in vitro. The particles are composed of DNA, 
polylysine attached to transferrin, and polylysine 
modified with a paramagnetic contrast agent. 
Modification of this strategy should produce par- 
ticles capable of functioning in vivo. Such particles 
could be composed of i) DNA encoding a 
reporter or therapeutic gene, ii) polylysine modi- 
fied with transferrin or with an alternative 
cell-targeting molecule, such as a monoclonal 
antibody, iii) polylysine modified with fusogenic 
peptides to facilitate release from the endosomal 
pathway and iv) polylysine (D or l forms) modi- 
fied with Gd chelates. Co-transport of DNA and 
MRI contrast agents of this type should result in 
high levels of gene expression. These particles may 
prove extremely useful in targeting specific cells 
in vivo as they offer a means other than marker 
gene expression to monitor construct uptake. 
With such a tool, clinicians and experimentalists 
may be able to non-invasively monitor delivery of 
genetic therapeutic agents in real time. 



Materials and methods 

Preparation ofTf-PL 

Human transferrin (Tf, Sigma) was conjugated to poly-L-lysine 
(PL) with an average chain length of 220 residues (Sigma) via 
sialic acid residues on transferrin as described [21], or the 
Tf-PL conjugate was purchased directly from Sigma. Modified 
polylysine (Tf-PL) with average molar ratios of transferrin to 



polylysine of 2.2-2.5 was dissolved in HBS (20 mm Hepes, 
150 mM NaCl, pH 7.4) at a working concentration of 100 p.g 
ml"' for use in subsequent experiments. 

Preparation of DTPA-PDL 

PDL of average chain length 180 was purified by FPLC size- 
exclusion chromatography employing a 10 x 30 Pharmacia 
Superdex 75 column using 0.15 M NaCl, 0.15 M NaPi, 
pH 7.0 buffer. The purified PDL was desalted by gel filtration 
using Sephadex G-25 and dried in vaaw. The dry PDL was 
weighed and the total number of lysine monomer units veri- 
fied spectrophotometrically via a ninhydrin assay [22]. PDL 
(0.01 M) was placed in a round-bottomed flask and dissolved 
in 0.05 M HEPES. pH 9.5. Freshly prepared DTPA anhydride 
was added slowly with stirring. The pH of the solution was 
monitored and maintained at 9.5 throughout the course of the 
reaction using a 3 % NaOH solution. The molar ratios of 
DTPA-anhydride to PDL used in these experiments was 50:1, 
100:1.200:1 and 400:1. The reaction was allowed to proceed 
at room temperature for 1 h after complete addition of the 
anhydride, and the crude material was purified by FPLC. 

Determination of DTPA content by fluorescence titration 
-The binding of lanthanide metals such as gadolinium, europium 
and terbium to chelating agents produces fluorescence with 
large Stoke's shifb and fluorescence lifetimes. Eu^*^ (unlike Gd^"^) 
rapidly coordinates with DTPA derivatives, producing a strong 
fluorescent signal that was monitored to assay DTPA content of 
the various DTPA-PDL conjugates. Samples of the purified 
DTPA-PDL were diluted in 0.05 M HEPES, pH 7.4 to a final 
concentration of 2-4 x 10"^ M. Small volumes (<20 jxl) of 
varying molarities of EUCI3 were added to the l-ml samples to 
titrate the firee DTPA ligand with minimal dilution of the 
sample. After incubation for 2 min at room temperature, each 
sample was transferred to a Hiachi Model 2400 spectrofluori- 
meter. Measurements were made using excitation at 394 nm and 
monitoring emission at 593 and 616 nm. Molar ratios of DTPA 
per PDL were calculated using the fluorescence titration data 
and the polylysine quantification that was based on ninhydrin as 
an assay for unmodified lysine side-chains [22]. 

Preparation of Gd-DTPA-PDL 

Based on the chelator content determined by Eu titration, a 
1.1 molar excess of GdCl3 was added to 1 mg ml"^ aliquots of 
the DTPA-PDL in 0.05 M citrate buffer, pH 6.0. The chela- 
tion proceeded for 5 h at 70 'C, and was followed by desalting 
chromatography with Sephadex G25 to remove unbound Gd. 
Gd-DTPA-PDL samples were dissolved in HBS at a working 
concentration of 100 |ig ml"'. 

Preparation of MRI/gene delivery particles 
A 6 kilobase-pair plasmid containing the Phoiinus pyralis 
luciferase gene under control of the SV40 T-antigen enhancer 
was purchased from Promega (GeneLight control plasmid). 
This plasmid was grown in Escherichia coli, and DNA was pre- 
pared in 100 |xg quantities using a commercially available pro- 
cedure (Qiagen, Midi-100). The supercoiled DNA plasmids 
were dissolved at a concentration of 100 jxg ml"' in 10 mM 
Tris, 1 mM ethylenediaminetetraacetic acid, pH 7.4 (TE). 
Plasmid DNA (6 |xg) in 430 jxl of HBS was mixed with 3 \Lg 
of Tf-PL in 30 M-l HBS. After 5 min at room temperature, 
various amounts (generally 4 fjig equivalents of polylysine) of 
Gd-DTPA-PDL with differing degrees of Gd substitution 
were added to the sample which was brought to 500 yJi with 
HBS and allowed to incubate at room temperature for 30 min. 



Transfections 

K562 human leukemia cells (ATCC) were grown in suspension 
in RPMI 1640 medium (Gibco) containing 10% fetal calf 
senmi (Hyclone) containing 100 U ml"' penicillin, 100 ftg ml"' 
streptomycin and 2 mM glutamine, to a maximum density of 5 
X 10^ ceUs ml"'. Eighteen to twenty-four hours prior to trans- 
fections, cells were placed in fiesh medium containing 50 jjlM 
deferroxamine (Sigma) to increase surface presentation of trans- 
ferrin receptors as described [12]. Approximately ten minutes 
prior to transfection. the cells were washed with fi-esh medium 
containing deferroxamine and placed in a 12-weD dish at 
250 000 cells per ml, 2 ml per well. Chloroquine (10 mM) in 
H,0 was added to a final concentration of 100 \i.m. 

The ternary particle in HBS was added slowly to the K562 
cells, which were incubated at 37 "C for 18-24 h. In some 
cases, iron-loaded transferrin (Sigma) was added with the 
ternary complex to competitively inhibit specific uptake of 
the particles. The cells were then washed twice with fresh 
medium without chloroquine or deferroxamine and re- 
suspended at 250 000 cells ml"' in firesh medium. After 18 h, 
the cells were washed twice in HBS and either gentiy loaded 
into a glass capillar)' tube for MR imaging or assayed for 
luciferase expression. Gene expression was monitored by 
lysing cells in 100 yA detergent lysis buffer (Clontech). Cell 
lysate (20 yA) was assayed in a 1 ml standard cell using a 
luminometer and luciferin substrate from Analytical 
Luminescence Laboratory. These results were normalized per 
10^ cells and confirmed by parallel measurements using a 
scintillation counter (Beckman Instruments), 

MRI image acquisition 

MRl images were acquired using an 11.7 Tesla Bruker AMX 
500 MHz NMR spectrometer with microimaging accessory. 
Glass capillary tubes (2 mm inner diameter) containing ~10^ 
cells per tube were immobiHzed in a plexiglass rack and loaded 
into the MRl bore. Images were acquired using a multi-slice 
3D spin echo protocol where Tj^ = 200 ms.Tg = 13 ms and 
the pulse width was set at 9.6 ^-s.This protocol results in aTp 
weighted image and a 512 by 512 by 32 data array. 
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A Modular Lymphographic Magnetic Resonance Imaging Contrast Agent: 
Contrast Enhancement with DNA Transfection Potential 
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A gadolinium-chelated liposomal contrast agent has been prepared, and magnetic resonance 
imaging (MRI) efficacy has been examined by indirect magnetic resonance l3rmphography. A 
lipidic iV^-dimethylethylenediamine derivative (4) containing a 10,12-diyne-diacyl domain 
was treated with DTPA anhydride followed by GdCla complexation. The complex was confirmed 
using MALDI spectrometry. An eq\iimolar mixture of the Gd— chelate Upid and a commercially 
available diyne-PE was formulated as a liposome suspension and irradiated with UV hght 
prior to imaging experiments. Subcutaneous injection of the liposomal gadolinium agent and 
subsequent MRI of rabbit axillary and popliteal lymph nodes revealed significant contrast 
enhancement up to 4 h postinjection. To explore the possibility of imaging a DNA transfection 
event, the gadolinium contrast mixture was formulated with the cationic transfection lipid 
DOTAP and complexed with the reporter gene encoding luciferase. DNA transfection studies 
on the NIH3T3 cell line confirmed the transfection activity of the dual-purpose contrast agent 
and exemplified the potential toward development of an imaging and DNA delivery vehicle. 



Since the advent of magnetic resonance imaging 
(MRI) for medical diagnostics, there has been continued 
interest in the design and synthesis of paramagnetic 
complexes for contrast enhancement.^ Among the MRI 
contrast agents that have been developed, gadolinium- 
(HI) complexes have been shown to be highly effective 
in their imaging properties.^ However, the clinical 
utility of a contrast agent depends not only on absolute 
contrast-enhancing properties but also on the pharma- 
cokinetics that determine distribution and concentration 
of the contrast agent in target tissues. Indirect MR 
lymphography, a technique in which subcutaneously 
injected contrast material selectively accumulates within 
regional lymph nodes, has recently gained attention as 
an approach for diagnosing and staging cancer.^ The 
most widely available gadolinium contrast agent, ga- 
doliniiun diethylenetriaminepentaacetic acid (Gd-DT- 
PA), is not used for lymphographic MRI because of its 
rapid distribution within the extracellular space and 
rapid renal clearance.* To overcome this limitation, one 
approach has been to incorporate the gadolinium into 
liposomal lamellae.^'^ Incorporation of the paramag- 
netic species into liposomes can resvdt in increased 
acciunulation within the lymph nodes by intranodal 
macrophage uptake of particulate species. We seek to 
extend this approach by introducing a polymerizable 
lipid formulation that is capable of binding gadolinimn 
acco a " ^ ^® binding a polynucleotide,'^ Lipid-mediated 
' the rssukaS^ -^^^^ deUvery as a means for gene therapy is a deVelop- 
rii^-facl- ,-3e50'' treatment pC; cancer^ and other 
Tlie ' -i 0 ^ "^.^eases,® and the combination of this methodology with 
^lidT--. V- J.--.'. V selective, contrast-enhanced MRI wotJdiimprove its 



* To whom correspondence should be addressedJPhone: 503 752 
. ' 6357. Fax: 503 752 8995. E-mail: mhnant2@ucda^^du. 

Vffg, \. ♦-Department of Radiology. 'Mfi 

iOlimUi:- i^OO Un^j Abstract published in Advance ACSAbstmctsJSw^her 1 . 1997. 

S0622-2623(97)()0665!l?CCC: $14.00 



utility. Visualization of poljmucleotide localization 
within lymph nodes by gadolinium contrast enhance- 
ment would be a rapid, noninvasive means of monitor- 
ing treatment, were the same agent also capable of 
simidtaneously serving as the gene transfection agent. 
A report by Meade et al. on the cotransport of DNA and 
DTPA-Gd using polylysine in cell culture experimenta- 
tion supports the feasibility of this approach.^ 

We report herein the synthesis of a prototypic gado- 
linimn-chelated lipid and its modular incorporation with 
a commercially available DNA-binding lipid to yield a 
dual-pmrpose liposome formulation for lymphographic 
imaging and treatment. Preliminary imaging and DNA 
transfection properties are presented. 

Results and Discussion 

Synthesis. The synthesis of the gadolinium chelate 
lipid is shown in Scheme 1. Treatment of 10,12- 
octadecadiynoyl chloride (2) with 3-bromo-l,2-pro- 
panediol yields bisester 3. The bromide of 3 is readily 
displaced by treatment with excess N^-dimethyleth- 
ylenediamine at .elevated temperature. Reaction of 3 
using fewer equivalents of diamine or longer reaction 
times affords significantly lower yields of diamine 4. 
Amide formation by reaction of 4 with excess DTPA- 
anhydride in pyridine is followed by hydrolysis of 
unreacted anhydride. The corresponding amide mix- 
ture^** was reacted with Gd(in) according to the proce- 
dure by Bednarski et al.,*^^ andiiie resulta^ chelate 5 
was analyzed by matrix-assisted laser desorption ion- 
ization (MALDI) spectrometry. The MALDI spectrum 
of 5 confirms an isotopic distribfftton characteristic of a 
gadolinium species, centered around the expected mo- 
lecular weights.^^ 

Magnetic Resonance Imag^ig. To determine the 
contrast, properties of the ga< Mffiiim?ijbbMn lipid 5, 
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Scheme 1. Synthesis oCSgplymerizable Gd-Chelate lipid" 
' ^ 2: X = CI 
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(CH2)e^«erjC*C-(CH2)4CH3 

^(Ch!2)ffC=gaP"C-{CH2)4CH3 



. r- 3:Z = Br 

*^ 4: Z = N(CH3)CH2CH2NH(CH3) 




d.e 



5: R = (CH2)aCC-CC(CH2)4CH3 

« Reagents and conditions: (a) iCOhCh, CHCI3. reflux; (b) BrCH2CH(OH)CH20H (0.45 equiv). EtaN (2.2 equiv). cat. DMAP, CH2Ci2; 
(c) HN(CH3)CH2CH2NH(CH3) (15 equiv). DMF, 75 *C. 45 min; (d) i. DTPA-anhydride (3.5 equiv). pyridine. 50 *'C. 12 h, ii. H2O; (e) 
GdCl3-6H20, NaOCHs, CH3OH. 60 "C, 30 min. 



Figure 1. Ti-weighted transaxial MR image of contrast- 
enhanced axillary and superficial cervical lymph nodes in a 
normal New Zealand White rabbit (solid arrows). This image 
was acquired approximately 120 min after subcutaneous 
injection of 0.4 mL of the Gd-bound suspension (17 x 10~® mol 
of Gd) into the ipsilateral metacarpiis. The imenhanced 
contralateral nodes are poorly visualized (open arrows). 

preliminary MRI studies were performed on three 
normal rabbits. The contrast material, polymerized 
liposome formulations containing equimolar quantities 
of lipid 5 and l,2-bis(10,12-tricosadiynoyl)-sn-^Z>'Ccro- 
3-phosphoethanolamine (G),^^ serving as a polymer 
matrix lipid, was prepared by sonication of the aqueous 
lipid suspension followed by UV photolysis (0 *C, 1 h). 
Each animal was anesthetized and then injected sub- 
cutaneously with an empirically determined dose of 
contrast material at the level of the left metacarpus or 
metatarsus to enhance the axillary/cervical or popliteal 
lymph nodes, respectively. Earliest images were ac- 
quired beginning approximately 1 h after contrast 
administration and at 30-90-min intervals for up to 260 
min postinjection. A representative image is presented 
in Figure 1. 

liuages were obtained from at least two time points 
for each lymph node. Using the current formulation to 
assess seven lymph nodes in three rabbits, relative 
signal intensity (RI, mean signal intensity of the node 
divided by the mean signal intensity of surrounding 
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Figure 2. Relative signal intensity (RI) of lymph nodes on 
Ti-weighted spin— echo magnetic resonance images versus 
time postcontrast injection: (•) RI of all contrast-enhanced 
lymph nodes at each time point analyzed, (O) RI of corre- 
sponding unenhanced contralateral lymph nodes at each time 
point. 

muscle tissue) increased from 1.16 in imenhanced nodes 
to 2.19 in contrast-enhanced nodes at peak enhance- 
ment (p > 0.0002, two-sample ^-test) (Figure 2). This 
resulted in a 91.7% peak percent contrast enhancement, 
PCE. Peak enhancement generally occurred 60-130 
min after contrast injection, and enhancement persisted 
up to 4 h postinjection. This result demonstrates the 
usefulness of the polymerized Uposome construct in 
promoting lymph node retention of gadolinium relative 
to (Jd-DTPA preparations. 

DNA Transfection Using the Gd— Liposome For- 
mulation. Cationic Upids have been demonstrated to 
facilitate intracellular uptake of ONA in a number of 
in vitro and in vivo studies.^^*^* Typically, a cationic 
liposome suspension is prepared and treated with DNA 
so that the resultant lipid-DNA complex (referred to 
as a Upoplex^^) retains an overall positive charge. Direct 
appUcation of the hpoplex to cultured cells then can 
result in intracellular deUvery and expression of the 
DNA To see the influence of gadoliniiun incorporanon 
on DNA transfection, a ludferase transfection assay was 
conducted using the methods we have previously re- 
ported.^® Liposomes formulated using NyAT^A^-trimethyl- 
iSr-(l-{2.3-dioleoyl)propyl)ammonium iodide (DOTAP^^) 
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Figure 3. Comparison of lipid*mediated DNA transfection 
using a 2:1 molar charge ratio (DOTAP charge to DNA 
phosphate charge) to transfect NIH3T3 cells. DNA transfec- 
tions were performed in quadruplicate, and the results are 
summarized in bar graph form as the mean (n = 4) and 
standard deviation of total ludferase light imits obtained as 
described in the Experimental Section. 



and gadolinium-chelate lipid 5 were used to bind pND- 
CLux, plasmid DNA encoding the firefly ludferase 
gene.^^ The resultant lipoplexes were used to transfect 
NIH3T3 murine fibroblast cells (Figure 3) at an optimal 
DOTAP:DNA molar charge ratio. Liposomes formu- 
lated with chelate 5 showed activity comparable to the 
control experiment of DOTAP, The presence of up to 
5% gadolinitmi did not reduce the relative activity of 
the DOTAP lipoplex. Our results support the develop- 
ment of a dual-purpose contrast agent in that the 
selected MRI agent does not interfere with in vitro 
transfection. Studies are underway to extend the ap- 
plication to in vivo transfection of rabbit lymph nodes. 

In conclusion, we have shown the possibility for 
development of a dual-purpose imaging and DNA 
delivery vehicle. The inherent modular construction of 
a lipoplex formulation was exploited by incorporation 
of a gadolinium-chelate lipid and a DNA-binding lipid. 
The resultant particle was shown to facilitate DNA 
transfection. Furthermore, a liposomal formulation of 
the gadolinivun lipid was shown to have excellent in vivo 
contrast enhancement with prolonged lymph node re- 
tention. 

Experimental Section 

GeneraL CH2CI2 was distilled from calciiun hydride im- 
mediately prior to use. MeOH was heated over Mg turnings 
for 12 h, and distilled prior to use. All amine reagents were 
distilled from CaH2. M reactions were carried out under an 
atmosphere of argon. The acyl halides were prepared using a 
modification of the experimental reported by Clark et al.^^ 
Column chromatography was carried out using 230-400 mesh 
silica gel, slurry packed in glass columns, eluting with the 
solvents indicated. Yields were calculated for material judged 
to be homogeneous by TLC and NMR TLC was performed 
on Merck Kieselgel 60 F254 plates, staining with a solution of 
phosphomolybdic acid in ethanol containing 3% concentrated 
H2SO4. 

m NMR (300 MHz) and ^^C NMR (75 MHz) were recorded 
using a General Electric QE-300 spectrometer with residual 
undeuterated solvent id 7.26 for CHCI3. 6 4.78 for CD3OH) 
serving as the internal standaid.j^H|g^^spl^^ mass spec- 
trometry was performed^ byrMass^^'^i?jt^ Service Lab, 
Minneapolis, MN; Melting'. poio^WtV^ei^ on a 

Thomas-Hoover Uni-melt appara^iaiiJnKl. are uncorrected. 
Ultraviolet (UV) spectra were qi)ta^^]i?j?ing a HP84^ UV/ 
vis spectrophotometer. Infrared (nQ^daia were obtained on 
neat samples unless otherwise indu^^^ using a Mattson 
Galaxy Series FTIR 3000 instrumenfe^ 

3-Bromo-l»2-bis(10,12<>ctadeca(d^^yl)prop (3). Ox- 
alyl chloride (6.32 mL^:7v2.5i^m^^ ^^^ ded. slowly to a 
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solution of 10,12-iHlecadiynoic add (1) (10.0 g, 36.3 mmol) 
in chloroform (13.5 mL). The resultant reaction solution was 
stirred for 10 min at room temperature and then heated at 
reflux temperature for 20 min. All solvents were then removed 
by distillation to afford crude acyl chloride (2) as a brown oiL 
The crude material was dissolved in CH2CI2 (5 mL) and 
transferred via caxmula to a solution of 3-bromo-l,2-pro- 
panediol (1.32 mL, 15.1 mmol), EtsN (4.54 mL, 32.6 mmol), 
and DMAP (0.181 g, 1.48 mmol) in CH2CI2 (10 mL) at 0 **C. 
After 10 min, the reaction mixture was warmed to room 
temperature and stirred overnight The reaction mixture was 
then diluted with CH2CI2, washed with saturated NaHCOa, 
H2O, and saturated brine, and dried (NasSOi). The solvents 
were removed by rotary evaporation, and the residue was 
chromatographed using silica gel (hexane— ethyl acetate, 9:1) 
to give 9.71 g (96%) of 3 as an oiL IR 2930. 2855, 2253, 2145, 
1742 cm-i; ^H NMR (CDCI3) 6 5.17 (m, IH), 4.31 (dd, J = 11.8, 
4.3 Hz, IH), 4.18 (dd, J = 11.8, 5.6 Hz, IH). 3.46 (m, 2H), 2.28 
(m, 4H), 2.19 (m, 8H), 1.57 (m, 4H), 1.45 (m, 8H), 1.26 (m, 
24H), 0.85 (t, J = 7.35 Hz, 6H); NMR (CDCI3) 6 172.6, 
172.2, 77.1. 77.0, 69.9, 65.6, 65.5; 62.9, 33.8, 31.0. 30.0. 29.3, 
29.2. 29.1, 29.0, 28.9, 28.7, 28.6, 28.4, 28.3, 28.1, 24.8. 23.7, 
22.2, 19.1, 18.3, 13.9; HRMS calcd for CasHssBrOi [M^Br 
(49.77) + NH4r 688.3941, found 688.4003; calcd for CasHss- 
BrO* [M"Br (41.40) + NH*^ 690.3920, found 690.3935. 

3-CV-Methyl-iV.(2-(Ar-methylanuno)ethyl)amino)-l,2- 
bis(1042-octadecadiynoyl)propane (4)« iS^^-Dimethyl- 
ethylenediamine (3.57 mL, 33.5 mmol) was added to a solution 
of 3 (1.50 g, 2.24 mmol) in DMF (11.2 mL) at room tempera- 
ture. The reaction mixture was heated to 75 "C and stirred 
for 45 min The DMF was removed by distillation, and the 
residue was diluted with CH2CI2, washed with saturated 
NaHCOa, H2O, and saturated brine, and dried (SaSOd^ The 
solvent was removed by rotary evaporation, and the residue 
was chromatographed using silica gel {CH2Cl2-MeOH, gradi- 
ent of 99:1 to 95:5) to give 0.739 g (49%) of 4 as an oil: IR 
2931. 2856, 2266, 2158, 1738 cm'^; ^H NMR (CDCI3) 6 5.10 
(m, IH), 4.34 (dd, J = 12.0, 3.1 Hz, IH). '4.07 (dd, J = 12.0. 
6.2 Hz, IH), 2.95 (m, 2H), 2.78 (m, 2H), 2.74 (s, 3H). 2.53 (d. 
J = 6.5 Hz, 2H), 2.34 (s, 3H). 2.29 (m, 4H). 2.23 (m, 8H), 1.59 
(m, 4H), 1.51 (m, 8H). 1.29 (m. 24H). 0.88 (t, c/ = 7.1 Hz. 6H); 
13C NMR (CDCI3) 6 173.5, 173.4, 77.0, 76.5, 69.5, 65.2, 65.1, 
63.5, 57.8. 53.6, 46.6, 42.8. 34.2, 34.0. 33.2, 30.8, 29.0. 28.9, 

28.8. 28.6, 28.5. 28.3, 28.2, 27.9, 24.7. 22.0. 19.0, 13.8; HRMS 
calcd for C43H70N2O4 [M + H]+ 679.5413, found 679.5398. 

3-(iNr.Methyl-iV.(2-W-DTPA-amido-i\r-methylamino)- 
ethyDamino)- l»2-bis( 10,12-octadecadiyiioyl)propane and 
Gadoliniiun Complexation (5). DTPA-anhydride (2.34 g, 
6.54 mmol) was added to a solution of 4 (1.27 g, 1.87 mmol) in 
pyridine (9.35 mL) at room temperature. The reaction mixture 
was heated to 50 ^C and stirred overnight The cooled reaction 
mixture was filtered to remove unreacted DTPA-anhydride, 
and distilled water (5 mL) was added to the filtrate. The 
solvents were removed by distillation under reduced pressure. 
The crude product was dissolved in DMSO. Any undissolved 
solids were removed by filtration. The DMSO was then 
removed in vacuo to afford 1.77 g (90%) of the DTPA conjugate 
as a tan soHd: mp 183-184 *'C; IR 3414, 2931. 2864. 2256. 
2160, 1742, 1641 cm"^; ^H NMR (DMSO-ife) 6 5.13 (m, IH), 
4.27 (m, IH), 4.02 (jn, IH), 3.76 (m, 2H). 3.63 (m, 2H), 3.47 (s. 
8H), 2.92 (s. 3H), 2.51 (s, 3H), 2.32 (m. 4H), 2.27 (m, 8H), 1.45 
(m, 12H), 1.30 (m. 24H), 0.86 (t. J = 6.8 Hz, 6H); NMR 
(DMSO^e) d 172.8, 172.7, 172.6, 76.9, 69.5, 63.5, 57.8, 54.1. 

46.9. 42.7, 34.2, 34.0, 33.5, 31.7, 29.6, 29.4, 29.3, 29.1. 29.0, 
27.1, 27.1, 27.0, 24.8, 22.5, 13.9; HRMS calcd for C57H91N5O13 
[M + Nar 1076.6511. found. 1076.65 17. 

To a suspension of the I^^R^^nj3igatft^^^ g. 0.950 mmol) 
in MeOH (2.38 mL) at room't^mpCTature was added GdCU- 
6H20 (0.353 g, .0.950 mmoDun qjae^ portion. The reaction 
mixture was heated to 60 ^C. for 36'ixun,iand't^^ solution pH 
was maintained near 7.0 by immediate an(i 'continuous moni- 
toring and addition of Na0€^'(1.6;M ih^ethanol) as needed. 
The methanol was removei ljy rotary ^evaporation, and the 
residue was redissolved in r§n|iydrous ^ethanol (ca. 5 mL). 
Undissolved solids were rei^^d by^dfation»,and the filtrate 
was concentrated.to afFor d^^Rg qi^^ia:tan;Solid: mp 258 
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X dec; m 3400. 2928. 2856. 2253. 2iWl739; 1735. 1609 axr^\ 
UV 224. 238. 254 nm; HRMS raffid for CsrHsTGdNsOis 
1253.5337. found 1253.5306. 

Preparation of Liposomes: for liIRL Sterile water (1.3 
mL) was added to a vial containing 5>(51.4 zng, 0,(^25 mmol) 
and an equimolar amount of th^::cQ^aim||raally 1.2- 
bis(10.12-tiicosadiynoyl>isn-5f>b^ti^ 

suspension was vortex-mixed: ror 2; muoHmd-^nii^ for 45 
min (Laboratory Supplies Co., Inc.; model G112SP1T). The 
liposome formulation was Uien transferred to a Petri dish 
using sterilized water (0.1 mL) and photolyzed (Hanovia Hg 
lamp; 254. 313. 366 nm) for' 65 min at 0 '^C (ice). The 
photolyzed preparation was stored overnight at —4 prior 
to theMRL 

Preparation of Liposomes for DNA'Transfection. A 
chloroform solution of DOTAP (1 //mol) and a methanol 
solution of gadoliniiun complex 5 (0.01 or 0.05 ^mol) were 
combined in a 3.7-mL sample vial. The solvents were removed 
via rotary vacuum evaporation, and the resulting thin lipid 
film was placed under vacuum overnight Sterile water (1 mL) 
was added, and the thin lipid film was hydrated by briefly 
warming at 60 °C under argon with subsequent vortex mixing. 
The resultant lipid suspension was used for DNA transfection 
within 3 h of hydration. 

Magnetic Resonance Imaging. MRI experiments were 
performed with a quadrature coO on a 1.5-T magnet (Signa 
1.5, GE Medical Systems, Milwaukee, WI). Each rabbit was 
induced and maintained under anesthesia iising intramuscu- 
larly injected ketamine and xylazine for imaging procedures. 
Ti-weighted images were obtained 60-240 min after SQ 
injection of the liposome suspension (0.4 mL, 17 x 10"^ mmol 
of (jd) into Uie ipsilateral metatarsus and metacarpus. Studies 
were performed using the following pulse sequence: Ti- 
weighted spin-echo (SE) TE = 11 ms/Fr, TR = 550 ms. 
rectangular FOV measuring 22 x 16 cm, 3-mm slice thickness 
with a 1.5*interslice gap, 512 x 224 matrix size, 3 excitations 
with chemical shift fat suppression. 

DNA Transfection. NIH3T3 cells were obtained from 
ATCC (CRL 1658), cultured in Dulbecco's Modified Eagle's 
Medium with 10% calf serum and plated on standard 24-well 
tissue culture plates 12-24 h prior to transfection. Cells were 
approximately 80% confluent at the time of transfection. The 
growth medium was removed by aspiration, and the cells were 
washed once with 0.5 mL of PBS/well. The liposome-DNA 
complexes were formed through sequential addition of ap- 
propriate amoiints of DMEM (serum-free), pNDCLux DNA, 
and the liposome formulation into a 2 mL Eppendorf tube to 
a total volume of 800 fiL. Typically, 24 fxh of a lipid emulsion 
(1 mM DOTAP) was used to complex 4 pig of DNA to yield a 
2:1 DOTAP:DNA phosphate molar charge ratio. A 200-/iL 
aliquot of the resultant transfection complex was added to each 
well (1 fiL DNA/well, 4 wells/sample) and the cells were 
incubated for 4 h at 37 At this time, 500 fxh of growth 
medium and 10% calf serum was added per well, and the cells 
were cultured for approximately 48 h prior to lysis and 
analysis. 

Relative ludferase activity was determined by using the 
Enhanced Ludferase Assay Kit and a Monohght 2010 lumi- 
nometer (both from Analytical Luminescence Laboratories, 
Ann Arbor, Ml). This was accomplished by directly appl}dng 
233.3 /iL of concentrated ludferase lysis buffer (final concen- 
tration 0.1 M potassium phosphate, pH 7.8, 1% Triton X-100, 
1 mM DTT, 2 mM EDTA) to each well and placing the cells 
on ice for 15 min. Ludferase li^t emissions from 31 ^L of 
the lysate were measured over a 10-s period, and results are 
expressed as a function of an assimied total lysate volume of 
933.3 plL. Activity is measured as relative light units, which 
are a function of assay conditions, ludferase concentration, 
luminometer photomultiplier tube sensiti\ity, and background. 
Under the conditions described above, relative light imits are 
related to ludferase protein mass by the equation fg of 
ludferase = (RLU/48.6) - 824. 
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